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Objective: Our objective was to test the hypothesis that use of modified
ultrafiltration after cardiopulmonary bypass improves intrinsic left ven-
tricular systolic function in children. Methods: Twenty-one infants under-
going cardiopulmonary bypass were instrumented with ultrasonic dimen-
sion transducers, to measure the anteroposterior minor axis diameter, and
a left ventricular micromanometer. Patients were randomized to modified
ultrafiltration (n 5 11, age 226 6 355 days, weight 6.7 6 3.1 kg) or control
(n 5 10, age 300 6 240 days, weight 7.0 6 2.5 kg) (all differences p > 0.05
between groups). Left ventricular systolic function was assessed by means
of the slope of the preload-recruitable stroke work index. Myocardial
cross-sectional area was measured by echocardiography. Data were ac-
quired immediately after separation from bypass, at steady state, and
during transient vena caval occlusion. Data acquisition was repeated after
13 6 5 minutes of modified ultrafiltration or after 12 6 5 minutes without
modified ultrafiltration in the control group. Inotropic drug support was
the same at both study points. Results: In the modified ultrafiltration group,
the filtrate volume was 363 6 262 ml. The hematocrit value increased from
26.0% 6 2.7% to 36.7% 6 9.5% (p 5 0.018), myocardial cross-sectional area
decreased from 3.72 6 0.35 cm2 to 3.63 6 0.36 cm2 (p 5 0.04), end-diastolic
length increased from 25.6 6 9.0 mm to 28.8 6 9.9 mm (p 5 0.01), and
end-diastolic pressure fell from 5.6 6 0.8 mm Hg to 4.2 6 0.8 mm Hg (p 5
0.005), suggesting an improved diastolic compliance. In the control group,
the hematocrit value, myocardial cross-sectional area, end-diastolic length,
and pressure did not change (all p > 0.05). Mean ejection pressure
increased in the ultrafiltration group (p 5 0.001) but did not change in the
control group (p 5 0.22). The slope of the preload-recruitable stroke work
index increased after ultrafiltration from 52.3 6 52.0 to 74.2 6 66.0 (103
erg/cm3) (p 5 0.02) but did not change in the control group (p 5 0.07). One
patient from each group died in the postoperative period. Patients in the
ultrafiltration group received less inotropic drug support in the first 24
hours after the operation (156.62 6 92.31 mg/kg in 24 hours) than patients
in the control group (865.33 6 1772.26 mg/kg in 24 hours, p 5 0.03).
Conclusions: Use of modified ultrafiltration after cardiopulmonary bypass
improves intrinsic left ventricular systolic function, improves diastolic
compliance, increases blood pressure, and decreases inotropic drug use in
the early postoperative period. (J Thorac Cardiovasc Surg 1998;115:361-70)
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Cardiopulmonary bypass (CPB) with hypothermiaand crystalloid hemodilution in children is asso-
ciated with an inflammatory capillary leak,1, 2 which
results in an increase in tissue water content, man-
ifest as an increase in total body water after cardiac
operation.3-7 The increase in total body water, most
marked in small babies undergoing prolonged peri-
ods of CPB with hemodilution,2 is associated with
tissue edema and subsequent organ dysfunction.
Cardiac and pulmonary edema have been well de-
scribed after cardiac operations8, 9 and may influ-
ence postoperative morbidity. Modified ultrafiltra-
tion, performed after CPB, has been shown to
reduce total body water and reverse hemodilution,
as well as to increase hematocrit value, cardiac
index, and systolic blood pressure.7, 10 Modified
ultrafiltration has been shown to reduce the inflam-
matory response associated with CPB by altering
circulating cytokines,11 as well as to reduce myocar-
dial edema.12 However, the mechanism underlying
the improvement in hemodynamics has not yet been
determined. This study was designed to test the
hypothesis that the improvement in hemodynamic
parameters seen after use of post-CPB modified
ultrafiltration is due to an improvement in intrinsic
left ventricular systolic function measured by means
of a load-independent index of contractility.
Methods
Approval for the study was obtained from The Great
Ormond Street Hospital NHS Trust and Institute of Child
Health Ethical Committee before commencement. In-
formed consent was obtained from the parents of all
infants enrolled in the study.
Twenty-one infants were enrolled in the study. All were
to undergo cardiac operations for correction of congenital
heart defects by the same surgeon (M.J.E.). The patients
were prospectively randomized into two groups: a control
group (n 5 10, age 300 6 240 days, weight 7.0 6 2.5 kg)
and a group who underwent modified ultrafiltration
(MUF group; n 5 11, age 226 6 355 days, weight 6.7 6 3.1
kg).
Anesthetic techniques. After premedication with atro-
pine, anesthesia was induced with cyclopropane 50%
inhalation over a 2-minute period, and fentanyl (18 to 56
mg/kg) was given as clinically indicated. Mechanical ven-
tilation to normocapnia, initially with nitrous oxide in
oxygen and proceeding to 100% oxygen, was facilitated by
paralysis with pancuronium bromide at an initial dose of
0.15 mg/kg followed by 0.725 mg/kg at 40-minute intervals.
Anesthesia was maintained with intravenous fentanyl (20
to 50 mg/kg) and isoflurane (0.5% to 1.0%) as appropriate.
Blood pressure was controlled, if necessary, with phentol-
amine, methoxamine, or sodium nitroprusside. Patients
were weaned from CPB on a regimen of dopamine 0 to 15
mg/kg per minute and nitroprusside as required.
Data acquisition and experimental protocol. The CPB
techniques used, which are summarized below, reflected
the common practices in our unit and have been described
in detail elsewhere.10 After a median sternotomy, CPB
was performed with a nonpulsatile roller pump (Sto¨ckert,
Munich, Germany). For flow rates of less than 1500
ml/min, a Shiley-Dideco 701 hollow-fiber oxygenator
(Sorin Biomedica, Saluggio, Italy) was used; for flow rates
greater than 1500 ml/min, a Maxima hollow-fiber oxygen-
ator (Medtronic Electromedics HemoTec, Inc., Parker,
Colo.) was used. The circuit was primed as described
previously.10
A 3F micromanometer-tipped catheter (model SPC-
330, Millar Instruments, Inc., Houston, Tex.) was zeroed
to atmospheric pressure and electronically calibrated be-
fore being placed in the mid–left ventricular cavity via the
roof of the left atrium. A tape was then passed around the
inferior vena cava for vena caval occlusion.
CPB was initiated before the heart was instrumented.
Pulse-transit ultrasonic dimension transducers (1.5 mm
outer diameter cylinder, Physiological Monitoring Sys-
tems Group, Duke University Medical Center, Durham,
N.C.) were positioned across the anteroposterior minor
axis diameter of the left ventricle as previously de-
scribed.13-15 In brief, the anterior crystal was sutured
adjacent to the left anterior descending artery, half way
between the apex and base of the ventricle, and the
posterior crystal was positioned adjacent to the posterior
descending coronary artery directly opposite the anterior
crystal. The patient was cooled and surgical correction of
the congenital heart defect was carried out according to
the methods previously described from our unit.16 Myo-
cardial preservation was achieved with cold crystalloid St.
Thomas’ Hospital solution in a dose of 20 to 30 ml/kg
initially and 10 to 15 ml/kg every 30 minutes.
Rewarming was achieved by arteriovenous heat ex-
change together with a warming blanket and heated
humidified inspired gases. A gradient of less than 10° C
was maintained between the blood and the water in the
heat exchanger. Sodium nitroprusside (5 to 10 mg/kg per
minute) was used as a vasodilator during rewarming but
was stopped 3 to 5 minutes before cessation of CPB.
After separation from CPB, and after a brief period of
stabilization, data were acquired at steady state and
during transient vena caval occlusion (T1, see below).
In those patients randomized to the MUF group,
ultrafiltration was commenced as described below. In
patients randomized to the control group, no intervention
was allowed so long as the patient remained in a stable
condition. In the MUF group, data acquisition was re-
peated after 13 6 5 minutes of modified ultrafiltration
(T2, see below). In the control patients, data acquisition
was repeated after 12 6 5 minutes (T2, see below).
Inotropic drug support was not altered between the T1
and T2 study points.
At each of the study time points (T1 and T2), myocar-
dial cross-sectional area and left ventricular posterior wall
thickness were measured by epicardial echocardiography
(Acuson 128XP-10C, Acuson Corp., Mountain View,
Calif.). Views of the left ventricular minor axis were taken
at the level of the papillary muscle. Left ventricular
posterior wall thickness (h) was measured directly by the
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integrated software of the system. Myocardial cross-sec-
tional area was measured at each time point by means of
a custom-made digital subtraction technique.
On return to the pediatric intensive care unit, standard
clinical observations were maintained with particular ref-
erence to the inotropic support required during the first
24 hours, the ventilation period, and the number of days in
the intensive care unit. For between-group comparison, a
total dose of inotropic drugs during the first 24 hours was
calculated by adding the doses of dopamine and dobut-
amine in micrograms per kilogram per minute and assign-
ing an arbitrary equivalent value of 10 mg inotropic drugs
per kilogram per minute for each 0.1 mg of epinephrine
per kilogram per minute and 10 mg/kg per minute for each
1 mg of milrinone per kilogram per minute.17 Heart rate,
arterial blood pressure, and atrial pressures were recorded
continuously throughout the study period.
Modified ultrafiltration. Ultrafiltration was carried out
in the MUF group for the first 13 6 5 minutes after
cessation of CPB by the modified method previously
described7, 10 and briefly described below. A Gambro
FH66 ultrafilter (Gambro, Dialysatoren GmbH & Co KG,
D-7450, Hechingen, Germany) was used in all cases.
In the modified ultrafiltration technique (Fig. 1), the
ultrafilter is placed with its inlet connected to the arterial
line and the outlet to the venous line. The CPB circuit,
including the ultrafilter, is then primed. During CPB the
inlet of the filter is kept clamped. When the patient is
weaned from CPB, the outlet of the ultrafilter is fed to the
right atrium of the patient via a Hot Line L70 (Level 1
Technologies, Rockland, Mass.). The venous blood is
chased back to the venous reservoir with saline solution.
The inlet of the ultrafilter is unclamped and arteriovenous
ultrafiltration is carried out. The blood flow through the
ultrafilter is about 200 ml/min, which is maintained by a
roller pump on the inlet aspect of the ultrafilter (Fig. 1).
Suction is applied to the filter port (–125 mm Hg) to
achieve an ultrafiltration rate of 100 to 150 ml/min. A
constant left atrial pressure is maintained by giving vol-
ume from the venous reservoir back to the patient via the
ultrafilter, thus hemoconcentrating the fluid in the circuit.
When the level in the venous reservoir is low, crystalloid is
added to the reservoir to keep it primed. Ultrafiltration
was carried out until a hematocrit value of approximately
40% was reached.
Data acquisition. The ultrasonic dimension transduc-
ers were coupled to a sonomicrometer (Physiological
Monitoring Systems Group, Duke University Medical
Center, Durham, N.C.) and electronically calibrated. The
ultrasonic signals, left ventricular pressure, arterial pres-
sure, and electrocardiogram were displayed on a video
display monitor.
After separation of the patient from CPB, and after a
period of stabilization, data were collected under steady-
state conditions and under transient caval occlusion,
during which the patient was briefly disconnected from
the ventilator (T1). After modified ultrafiltration or an
equivalent time period in the control group, data acquisi-
tion was repeated (T2). Physiologic data collected under
steady-state conditions included heart rate, left ventricu-
lar posterior wall thickness (h), left ventricular dimen-
sions, and pressure. Minor axis epicardial length (Lepi)
and mean ejection pressure were determined directly
from the collected data.
Vena caval occlusion was performed by gently and
progressively compressing the inferior vena cava for 10 to
15 seconds. Only caval occlusions that produced a fall in
left ventricular systolic pressure of at least 30 mm Hg were
analyzed. Premature beats and the subsequent beat were
excluded from analysis.
Data analysis. Analog data were digitized in real time
at 200 samples per second with the use of a personal
computer–based data acquisition system (DMDAS, Med-
ical Research Technology, Reston, Va.) and analyzed on a
personal computer (Digital Celebris 590, Digital Equip-
ment Corporation, Maynard, Mass.) with DMDAS soft-
ware.
The first derivative of left ventricular pressure (dP/dt)
was computed from the digital pressure waveform as a
running five-point polyorthogonal transformation.13 The
cardiac cycle was defined automatically with the DP/DT.
End-systole was defined as occurring at the peak negative
pressure derivative.13 End-diastole was defined automat-
ically 40 msec before a positive DP/DT greater than 500
mm Hg/sec, and this definition was checked visually for
every beat with a videographics display system.13 The
requirement for redefinition was rare according to the
criteria listed above.
Fig. 1. Circuit setup for modified ultrafiltration.
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Left ventricular epicardial minor axis diameter (length)
was collected directly by the DMDAS software through-
out the cardiac cycle. Intracavity (endocardial) length (L)
was calculated according to the formula15
L 5 Lepi – 2h (EQ1)
This value of endocardial length (L) was used for all
subsequent data analyses (see below).
Left ventricular stroke work index (SWi) was calculated
by point-by-point integration of the pressure-intracavity
length loop over each cardiac cycle13:
SWi 5 *P z dL (EQ2)
The preload-recruitable stroke work index relation was
determined by linear regression analysis of the stroke
work index and the corresponding intracavity end-dia-
stolic length data obtained during each caval occlusion,
according to the formula:
SWi 5 Mw(EDL – Lw) (EQ3)
where Mw is the slope and Lw the x-axis intercept of the
preload-recruitable stroke work index relation.13
Statistical analysis. Results are summarized as
mean 6 one standard deviation. For hemodynamic de-
scriptors of ventricular performance that did not require
variably loaded pressure-length loops, the mean values at
each level were calculated.
Changes in physiologic measurements (heart rate, end-
diastolic length, end-diastolic pressure, mean ejection
pressure, and stroke work index) were assessed by means
of paired t tests to compare steady-state values at times T1
and T2 and unpaired t tests to compare between the MUF
and control groups.
Comparisons of slope, length-axis intercept, and coef-
ficient of variation at the different time points and be-
tween the MUF and control groups were made using
paired and unpaired t tests.
Results
As shown in Table I, the MUF group and control
group were well matched for age, weight, and sex
distribution. Both groups underwent similar opera-
tions, the most frequent being repair of ventricular
septal defect (Table II). The patients in the MUF
group tended toward longer CPB and crossclamp
times, but these failed to reach statistical signifi-
cance (Table II). In the MUF group, the filtrate
volume was 363 6 262 ml and the hematocrit value
increased from 26.0% 6 2.7% when coming off CPB
(T1) to 36.7% 6 9.5% after MUF (T2, p 5 0.018).
In the control group, the hematocrit value did not
change between T1 and T2 (p 5 0.08, Table II).
Heart rate did not change significantly between
T1 and T2 in either group (Table III). End-diastolic
length increased (p 5 0.01) and end-diastolic pres-
sure fell (p 5 0.005) after modified ultrafiltration,
suggesting an improvement in diastolic compliance.
These values did not change significantly in the
control group (Table III). At time T1, the mean
ejection pressure for those patients in the MUF
group was significantly lower than for those patients
in the control group (p 5 0.02, Table III). Without
any change in the inotropic support, the mean
ejection pressure increased 13 6 10 mm Hg in those
patients who underwent modified ultrafiltration
(p 5 0.001, Table III, Fig. 2) and fell 14 6 8 mm Hg
in the control group between T1 and T2 (p 5 0.22,
Table III, Fig. 2), such that there was no significant
difference between the groups at the end of the
operation.
Left ventricular posterior wall thickness (p 5
0.66) and myocardial cross-sectional area (p 5 0.02)
were both greater at T1 in the MUF group than the
control group (Table III). Both left ventricular
posterior wall thickness and myocardial cross-sec-
tional area decreased after modified ultrafiltration
(both p 5 0.04), suggesting a reduction in myocar-
dial edema (Table III). Left ventricular wall thick-
ness and myocardial cross-sectional area remained
constant in the control group (Table III).
The preload-recruitable stroke work index tended
to be lower at T1 in the MUF group than in the
control group (p 5 0.053, Table IV). After modified
ultrafiltration, the slope of the preload-recruitable
stroke work index increased from 52.3 6 52.0 to
74.2 6 66.0 (103 erg/cm3) (p 5 0.02), but did not
change in the control group (Fig. 2 and Table IV).
The x-intercept (Lw) did not change in either group
(Table IV). A representative set of pressure-dimen-
sion loops recorded during vena caval occlusion is
shown in Fig. 3, along with representative preload-
recruitable stroke work index changes between
times T1 and T2 for the MUF and control groups.
One patient from each group died in the 30-day
postoperative period. The patient from the MUF
group died 3 days after the arterial switch operation.
This patient required venoarterial extracorporeal
membrane oxygenation for ventricular support 36
hours after the operation and died on the third
postoperative day. The other patient, from the con-
Table I. Patient demographics
MUF group Control group p Value
Patients 11 10 —
Age (days) 226 6 355 300 6 240 0.57
Weight (kg) 6.7 6 3.1 7.0 6 2.5 0.81
Sex (M/F) 8:3 7:3 —
MUF, Modified ultrafiltration. p Value, unpaired t test, MUF group versus
control group.
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trol group, died 24 days after the operation, having
been discharged from hospital on day 7.
Patients in the MUF group received less inotropic
drug support in the first 24 hours after the operation
(156.62 6 92.31 mg/kg in 24 hours) than patients in
the control group (865.33 6 1772.26 mg/kg in 24
hours, p 5 0.03). All the patients in the MUF group
received dopamine for at least 11 hours after the
operation, and three required dobutamine. All but
two of the patients in the control group received
dopamine. Four patients in the control group re-
ceived dobutamine, two received epinephrine, and
one received milrinone. The doses of inotropic
agents received in the first 24 hours after the
operation were fairly standard in the MUF group
but showed a large variation in the control group.
Two patients in the control group had delayed
closure of their sternotomy incision. One incision
remained open for 6 days and the other for 3 days
before being closed. In the MUF group, one patient
had the sternum left open at the end of the opera-
tion and that was the patient who died in the
intensive care unit 3 days later.
Both groups were ventilated for a similar number
of hours (24 6 36 hours in the MUF group and 26 6
19 hours in the control group) and remained in the
intensive care unit for a similar mean number of
days (4 6 4 and 4 6 3 days, respectively).
Discussion
This study has demonstrated that the hemody-
namic improvements seen after modified ultrafiltra-
tion are associated with an increase in intrinsic left
ventricular systolic function. The increase in end-
diastolic length and fall in end-diastolic pressure
seen after modified ultrafiltration is consistent with
an improvement in left ventricular compliance re-
sulting from a reduction in myocardial edema.
Modified ultrafiltration was first described by
Naik, Knight, and Elliott7 in 1991 and was shown to
be more effective than conventional ultrafiltration in
reducing the rise in total body water and in elevating
hematocrit value after CPB. It was also shown to
reduce the donor blood requirement associated with
CPB in children.10 Several studies have shown an
improvement in hemodynamic parameters after
Table II. Patient diagnosis, operation, and modified ultrafiltration details
MUF group Control group p Value
VSD 7 5 0.62
TGA 2 2 1.0
TOF 1 2 0.72
Other 1 1 1.0
Total No. of patients 11 10 0.58
CPB (range) (min) 106 6 32 (73-150) 92 6 21 (61-133) 0.06
Crossclamp (range) (min) 59 6 25 (20-92) 40 6 14 (19-69) 0.09
Filtrate volume (ml) 363 6 262 — —
Hematocrit (%) (T1) 26.0 6 2.7 29.3 6 2.6 0.07
Hematocrit (%) (T2) 36.7 6 9.5* 30.7 6 2.6† 0.001
VSD, Ventricular septal defect; TGA, transposition of the great arteries; TOF, tetralogy of Fallot; CPB, cardiopulmonary bypass; MUF, modified
ultrafiltration. p Value, Unpaired t test, MUF group versus control group.
*p 5 0.018, T1 versus T2 for MUF group.
†p 5 0.08, T1 versus T2 for control group.
Table III. Recorded parameters at T1 and T2 for the MUF and control groups
MUF group Control group
T1MUF vs
T1control
T2MUF vs
T2control
T1 T2 p T1 T2 p p p
HR (beats/min) 144 6 26 145 6 24 1.0 161 6 30 157 6 33 0.38 0.21 0.37
EDL (mm) 25.6 6 9.0 28.8 6 9.9 0.01 31.8 6 7.0 31.6 6 7.2 0.57 0.16 0.49
EDP (mm Hg) 5.6 6 0.8 4.2 6 0.8 0.005 5.5 6 0.4 5.6 6 0.4 0.85 0.69 0.002
MEP (mm Hg) 58.3 6 25.2 70.3 6 23.4 0.001 80.2 6 15.5 72.5 6 10.2 0.22 0.02 0.77
Wall thickness (mm) 6.8 6 1.7 5.8 6 0.5 0.04 6.5 6 0.9 6.6 6 0.8 0.88 0.66 0.05
Myocardial CSA (cm2) 3.72 6 0.35 3.63 6 0.36 0.04 3.45 6 0.27 3.55 6 0.33 0.09 0.02 0.45
HR, Heart rate; EDL, end-diastolic length; EDP, end-diastolic pressure; MEP, mean ejection pressure; CSA, cross-sectional area. p, paired t test, T1 versus
T2; unpaired t test, TMUF versus Tcontrol.
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modified ultrafiltration.10, 18, 19 Naik’s group ob-
served a rise in blood pressure in all patients and
also noticed that the heart became visibly smaller
during modified ultrafiltration. They believed that
this may be due to a simultaneous reduction in
pulmonary vascular resistance and myocardial water
content. Gaynor and associates12 confirmed the
reduction in myocardial cross-sectional area after
modified ultrafiltration. A study by Hodges and
associates19 also confirmed a rise in systemic arterial
pressure and cardiac index after modified ultrafil-
tration, and they also showed that this was not
associated with a change in plasma fentanyl level.
Later studies4 have shown that systemic vascular
resistance is not significantly changed during modi-
fied ultrafiltration, but there is a decrease in heart
rate and a dramatic decrease in pulmonary vascular
resistance. Hence we hypothesized that the hemo-
dynamic changes seen after modified ultrafiltration
were due to improvements in myocardial contractil-
ity associated with a reduction in myocardial water
content.
The preload-recruitable stroke work index used in
this study was first described by Glower and col-
leagues13 in 1985 as a load-insensitive index of left
ventricular systolic function. Subsequent studies
have confirmed this relationship to be a highly
reproducible, linear index of left ventricular systolic
function in adult human beings20 and recently in
neonates.21, 22 Use of the preload-recruitable stroke
work index, using a single dimension (minor axis) to
determine an index of stroke work, has been previ-
Fig. 2. Changes in mean ejection pressure, stroke length, shortening fraction index, and preload-
recruitable stroke work index from T1 to T2 in the MUF and control groups of patients. Closed circles, T1;
open circles, T2. Mean 6 1 standard deviation. MEP, Mean ejection pressure; MW , slope of the
preload-recruitable stroke work index.
Table IV. Slope and x-axis intercepts of the preload-
recruitable stroke work index for the groups
MW T1
(103 erg/cm3)
MW T2
(103 erg/cm3) p Value
MUF group 52.3 6 52.0 74.2 6 66.0 0.02
Control group 89.0 6 57.4* 88.1 6 57.1 0.07
LW T1 LW T2 p Value
MUF group 25.8 6 10.6 26.3 6 10.7 0.46
Control group 26.7 6 5.1 26.6 6 5.6 0.64
MW , Slope of the preload/recruitable stroke work index; LW , x-axis
intercept of the preload-recruitable stroke work index; MUF, modified
ultrafiltration.
*p 5 0.053; T1 MUF versus T1 control. p value, paired t test, T1 versus T2.
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ously validated in animal studies13, 23 and used in
human studies21 as a load-independent index of
ventricular contractility.
The data presented from this study confirm the
improved hemodynamics seen after modified ultra-
filtration in other studies.10, 18, 19 We have demon-
strated that the improvement in hemodynamics is
due to an increase in intrinsic left ventricular systolic
function, as shown by the increase in preload-
recruitable stroke work index (Figs. 2 and 3, Table
IV). After CPB, the MUF group had a more de-
pressed left ventricular systolic function than the
control patients. The mean ejection pressure and
preload-recruitable stoke work index were signifi-
cantly lower and the myocardial cross-sectional area
was significantly higher in the MUF group (Table
III). This may have been due to the longer CPB and
crossclamp times in the MUF group (Table II), but
the difference failed to reach statistical significance.
Despite the initially depressed ventricular func-
tion in the MUF group, there was no difference
between the two groups after ultrafiltration (Tables
III and IV), and the MUF group received signifi-
cantly less inotropic support in the first 24 hours
after the operation. This difference did not persist
beyond the first postoperative day, presumably be-
cause of a multiplicity of variables.
This study has demonstrated a reduction in myo-
cardial wall thickness and cross-sectional area (myo-
cardial wall volume) after modified ultrafiltration.
These reductions presumably are due to a reduction
in myocardial edema, which was not seen in the
control patients (Table III). The reduction in myo-
cardial edema is associated with an increase in
end-diastolic length and a fall in end-diastolic pres-
sure (Table III). These changes are consistent with
improved left ventricular diastolic compliance after
modified ultrafiltration.
The improvement in hemodynamics seen in all
patients after modified ultrafiltration is reflected by
the increase in preload-recruitable stroke work index
also seen in these patients (Fig. 3). This increase in
Fig. 3. Representative set of pressure-dimension loops with representative changes in preload-recruitable
stroke work index from T1 to T2. Closed circles, T1; open circles, T2; LV, left ventricular; MUF, modified
ultrafiltration; SWi, stroke work index; EDL, end-diastolic length; r, regression index.
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left ventricular systolic function may be due to a
reduction in myocardial edema, which would corre-
late with the fall in total body water seen in previous
studies.7, 10 The reduction in myocardial edema seen
in this study is associated with an improvement in
left ventricular diastolic compliance and an im-
proved intrinsic systolic function. However, it could
be associated with the increase in hematocrit value
seen after modified ultrafiltration (Table II), with an
associated increase in oxygen delivery.24 Oxygen
delivery was not examined in this protocol. How-
ever, if this was the case it is difficult to match this
with the significant improvement in left ventricular
systolic function that appears to be continued, at
least for the first 24 hours after operation. We
elected not to transfuse the control patients up to a
hematocrit value equal to that of the MUF patients,
because this is unlikely to have resolved the left
ventricular myocardial edema. A separate study
would be needed to address this issue.
The hemodynamic improvements may also be
related to modification of the inflammatory re-
sponse to CPB and ischemia.4, 5, 25 However, the
time course for improvement in left ventricular
systolic function weighs against this hypothesis. Sim-
ilarly, we could not test for changes in colloid
osmotic pressure with this group of patients. Such a
test would require further investigation.
This study was conducted in patients undergoing
hypothermic, hemodiluted CPB with crystalloid car-
dioplegia, which may all contribute to tissue edema
and specifically myocardial edema. It will be inter-
esting to observe whether warm CPB and blood
cardioplegia can result in less myocardial edema and
an improvement in post-CPB left ventricular systolic
function. A separate study is required for this.
This study did not address the issue of conven-
tional ultrafiltration compared with modified ultra-
filtration. Time constraints prevented the addition
of a third group. However, in our clinical practice, if
hemodilution and hypothermia are used, as in this
study, we routinely use conventional ultrafiltration
during CPB to increase the hematocrit value toward
30% (T1 values, Table II), but this was not con-
trolled in this study. Previous studies have shown
that conventional ultrafiltration fails to reverse sat-
isfactorily hemodilution and the rise in total body
water seen after CPB.7, 10 Modified ultrafiltration is
used after CPB to complete the increase in hemat-
ocrit value and achieve maximum benefits from
other aspects of its action.4, 7
One limitation of this study is that, despite the
randomization, the MUF group had a suppressed
left ventricular systolic function at time T1. How-
ever, after modified ultrafiltration, left ventricular
function improved toward that of the control group
(Table IV). We could not have controlled for this or
for the difference in CPB and crossclamp times.
Blinding was also lost when the patients returned to
the intensive care unit. Although these factors may
have contributed to the difference in delivery of
inotropic agents during the first 24 hours after
operation, we do not believe that this was the case,
because the intensive care management is handled
by a separate intensive care team.
In summary, use of modified ultrafiltration after
hypothermic, hemodiluted CPB improves intrinsic
left ventricular systolic function, reduces myocardial
edema, improves left ventricular compliance, in-
creases blood pressure, and decreases inotropic
drug use in the early postoperative period.
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Discussion
Dr. Patricia A. Penkoske (Edmonton, Alberta, Canada).
I rise to compliment the authors on this effort to delineate
the mechanism by which modified ultrafiltration increases
cardiac index and systolic blood pressure in a clinical
setting. Since described by Naik and associates in 1991,
this technique has been reported to improve postopera-
tive hemodynamics, increase pulmonary compliance, and
decrease bleeding clinically. At the meeting of the Society
of Thoracic Surgeons, Dr. Spray and his group recently
extended its efficacy to the cavopulmonary anastomosis
and the Norwood procedure. Dr. Bando, at the current
meeting, described a beneficial effect on the pulmonary
vasculature related to the removal of plasma endothelin-1,
and experimentally Dr. Ungerleider has reported a reduc-
tion of brain injury with its use after deep hypothermic
circulatory arrest.
This study elegantly uses Millar catheters, myocardial
ultrasonic crystals, and echocardiography, in addition to
an inotropic support score, in the clinical setting to try to
quantitate various parameters of systolic and diastolic
function after CPB in the infant age group.
I have three questions. Despite well-matched ages, CPB
times, and cross-clamp times, the mean ejection pressures
of the experimental group at T1 are quite low, and quite
a bit lower than those of the control group. Pressure in the
experimental group is 58 mm Hg and in the control group,
80 mm Hg; actually, in the experimental group some
pressures were as low as 20 mm Hg. What is the reason for
this decrease in the baseline? Also, does this lower
baseline in the experimental group contribute to the
perceived increase in blood pressure?
Second, you have vast experience with ultrafiltration.
Are there any contraindications to this technique?
Last, you mentioned that the decrease in inotropic
requirement with ultrafiltration is not a sustained de-
crease. A slump in myocardial performance does seem to
occur several hours after return to the intensive care unit.
Do you have any ideas about a potential type of rebound
with some of these mediators that you are removing? Can
you give us your ideas about the role of this type of
technique or a similar technique in the intensive care unit
setting?
Dr. Davies. Thank you, Dr. Penkoske. Despite random-
ization, the patients in the MUF group did have a lower
mean ejection pressure coming off CPB. Why this was so
is difficult to say, although that group did have slightly
longer CPB and crossclamp times. The difference in CPB
times almost reached statistical significance. CPB and
operative techniques were standardized as much as pos-
sible across all operations.
The rise in mean ejection pressure after modified
ultrafiltration, each patient acting as his or her own
control, was observed across all patients. There was no
rise in pressure in the control group. At time T2 there was
no statistically significant difference between the MUF
group and the control group, although at time T1, when
the patients were first weaned from CPB, the MUF group
did have a lower mean ejection pressure.
In response to your second question about contraindi-
cations to modified ultrafiltration, we use modified ultra-
filtration in the majority of our bypass cases. Dr. Gaynor
has conducted a straw poll at this meeting, and the
majority of physicians in the poll use modified ultrafiltra-
tion in some or all of their operations. We do not use
ultrafiltration when the CPB time is very short; atrial
septal defects are an obvious example of cases in which
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the operation is shorter than the ultrafiltration time. We
also avoid ultrafiltration if the aortic cannula causes
obstructive flow when the patient is being weaned from
CPB. In that case, to improve the situation, we remove the
cannula.
Inotropic requirements: We looked at inotropic re-
quirements over 24 hours after the operation. We did not
conduct a detailed, blinded analysis. We merely noted that
the patients who had had filtration required less inotropic
support, and this was maintained for 24 hours. After that,
the length of time in the intensive treatment unit and the
days to discharge from hospital were much the same,
although the intensive treatment unit stay was shorter in
the ultrafiltration group. This difference also did not reach
statistical significance.
You commented on postoperative rebound in the in-
tensive care unit. We have not yet looked at this, although
we do intend to continue these studies and measure
ventricular contractility into the postoperative period. At
the moment we are modifying the epicardial crystals so
that we can remove them after the operation, just like
pacing wires, and we will be measuring contractility in the
postoperative period. It will be interesting to see what
happens. Until we have the results of that study, I am
unable to comment.
Dr. Casey W. Daggett (Durham, N.C.). Have you found
any differences with regard to pulmonary hemodynamics
in your study?
In terms of diastolic function, you suggest that myocar-
dial edema decreases, but did you notice any differences in
either the diastolic function and the pressure-volume
relationship or the x-intercept on your pressure-volume
dimensions?
Dr. Davies. We did not look at pulmonary hemodynam-
ics in this study. This study was principally to evaluate
myocardial contractility. We have shown from Great
Ormond Street in previous studies that pulmonary vascu-
lar resistance is reduced after ultrafiltration.
We suggest from this study that there is an improve-
ment in diastolic compliance with the increase in end-
diastolic length and the reduction in end-diastolic pres-
sure. We have not yet evaluated this in relation to the
pressure-dimension loops. There is no statistically signif-
icant change in the x-intercept.
Dr. Daggett. There seemed to be a large standard
deviation in the postoperative hematocrit values in your
patients. Did you find that the patients who tended to
have a higher hematocrit value also had improved con-
tractility?
Dr. Davies. We did not look specifically at that ques-
tion, but it does need to be answered.
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